INTRODUCTION
Bacterioferritin (BFR) of Escherichia coli is an iron-storage protein consisting of 24 identical subunits (18.5 kDa) that pack together to form a highly symmetrical, approximately spherical protein shell surrounding a central 8 nm cavity, in which large amounts of iron can be stored. Six 4-fold and eight 3-fold hydrophilic channels connect the inner core with the protein environment. The bfr gene of E. coli has been cloned, sequenced and overexpressed to yield BFR as 15 % of soluble cell protein [1, 2] . Secondary structure prediction, molecular modelling and, most recently, X-ray crystallographic studies have revealed a close structural similarity between BFR and the ferritins, a family of iron-storage proteins found in both eukaryotic and prokaryotic cells [3] [4] [5] [6] [7] [8] [9] [10] . The conservation of key residues within the ferritins and BFRs indicates a distant evolutionary relationship between them [4, 6, 7] . However, a major difference between the two is that BFR contains up to 12 b-type haem groups, while ferritins, as isolated, do not contain haem. The haem groups, bound by two methionine residues [11] , are located at inter-subunit sites [9, 12] .
Common to both ferritins and BFRs is a capacity to store large quantities of iron, within their hollow interior, in the form of an hydrated ferric oxide mineral containing variable amounts of phosphate anion [3, 13, 14] . Core reconstitution studies show that iron can be taken up by the iron-free (apo-) protein as iron (II) and oxidized to iron (III) during a process catalysed by the protein coat [15] [16] [17] [18] [19] [20] [21] . This is termed the ferroxidase activity.
However, it is beginning to emerge from studies of different ferritins that there may be several different routes of iron (II) oxidation capable of leading to core deposition. Eukaryotic ferritins are composed of two subunits known as H-and Lchains that differ in their primary sequence and in the rate at which they catalyse iron (II) oxidation. Recombinant ferritin composed only of H-chain shows a rapid oxidation process [17, 18, 22, 23] that, in bullfrog ferritin, saturates at two iron (II) the ferroxidase centre of BFR. The metal-bound form of the centre bears a remarkable similarity to the dinuclear-iron sites of the hydroxylase subunit of methane mono-oxygenase and the R2 subunit of ribonucleotide reductase. Details of how the dinuclear centre of BFR is involved in the oxidation mechanism were investigated by studying the inhibition of iron (II) oxidation by zinc (II) ions. Data indicate that zinc (II) ions bind at the ferroxidase centre of apo-BFR in preference to iron (II), resulting in a dramatic reduction in the rate of oxidation. The mechanism of iron (II) oxidation is discussed in the light of this and previous work.
ions per subunit [24] , whereas the L-chain-only ferritin shows a much decreased rate of iron oxidation. However, both H-and Lchain ferritins are capable of forming an iron core [24, 25] .
X-ray crystallographic studies of H-chain ferritin revealed a metal-binding site, occupied by terbium (III) or calcium (II) in the crystal structure, which was assumed to be capable of binding iron [26] . A study of the effects of site-directed mutagenesis on iron (II) uptake gave support to the proposal that iron oxidation can take place at a dinuclear-iron centre, and a model in which a u-oxo bridged iron (III) dimer is formed at this centre, termed the ferroxidase centre, has been proposed [18, 19, 23, 27] .
In previous studies of iron uptake by apo-BFR, iron incorporation was shown to consist of at least three kinetically distinguishable phases, termed, in order of occurrence, phases 1, 2 and 3 [21] . Phase 1, detected by the stopped-flow measurement of a fast, < 1 nm blue-shift perturbation of the haem group Soret absorption band, was assigned to the binding of iron (II) by the protein. Phase 2, measured in a stopped-flow spectrophotometer at 340 nm, was found to saturate at a level of two iron (II) ions per subunit and was attributed to the oxidation of two iron (II) to iron (III) ions per subunit. This stoichiometry is consistent with the idea that a dinuclear-iron (II) centre is the site of dioxygen reaction. Phase 3, also measured at 340 nm, was observed only when the ratio of added iron to protein exceeded 50, and was assigned to the subsequent, relatively slow formation of an iron core.
Molecular modelling of BFR, based on the structure of Hchain ferritin, identified two potential iron-binding sites [8] . One was a putative dinuclear centre positioned within the four-ahelical bundle of the subunit, while the other was a mononuclear site located within the hydrophilic 3-fold channels of the protein.
A dinuclear site was also proposed in A. vinelandii BFR by Grossman et al. [7] based on a sequence alignment with human H-chain ferritin. On the basis of our previous kinetic work, the putative dinuclear-iron centre was proposed to be the ironbound form of the ferroxidase centre of BFR [21] . While our Abbreviations used: BFR, bacterioferritin; MMO, methane mono-oxygenase; RNR, ribonucleotide reductase.
t To whom correspondence should be addressed. 385 work was in progress, an X-ray structure of E. coli apo-BFR was reported by Frolow et al. [9] . This structure does indeed reveal that metal ions bind at a dinuclear site within the protein that is similar to the proposed site in our earlier modelling study. Here, we report the results of a programme of mutagenesis experiments designed to test the proposal that the dinuclear centre is important in the iron-uptake mechanism of BFR.
Four site-directed variants of BFR have been generated, in which residues proposed to be involved in iron ligation at the two putative metal-binding sites have been replaced by noncomplexing residues. Three dinuclear-iron site variants were investigated: E18 -. A and E94 -. A, which contain a substitution in the co-ordination sphere of each of the metal ions of the dimer; and E51 -+ A, which contains the substitution of a single residue that is proposed to bridge the two metal ions. One 3-fold channel variant, D"18 -* A, was investigated. The kinetic characterization of the variants together with studies of the interaction of zinc (II) ions with BFR show that the dinuclear site proposed by Cheesman et al. [8] , and confirmed to be present by Frolow et al. [9] , is central to the rapid oxidation of iron (II) in BFR.
EXPERIMENTAL

Site-directed mutagenesis
Site-directed mutagenesis was performed by the single-primer method [28] . The mutagenesis target was a single-stranded M13mpl8 derivative containing the 4.9 kb EcoRI-Hindlll bfr fragment from the plasmid pGS280 [2] . The post-mutagenesis progeny phage were screened for the desired mutations by nucleotide sequence analysis [29] of purified single-stranded DNA [30] . Four mismatch mutagenic primers were used to direct the following substitutions (binding coordinates from Andrews The nucleotide sequences of the primers are identical to the corresponding bfr sequence except for the mismatches (in italic) designed to direct the amino acid substitutions. The complete bfr nucleotide sequence of each identified mutant was determined and verified. Double-stranded replicative form DNA was prepared for each verified mutant, and the 1.2 kb EcoRI-PstI bfrfragment was subcloned into the corresponding sites of pUC1 19. The mutated bfr genes were expressed from the natural bfr promoter [31] .
Overproduction and purmcation of BFR and BFR variants Phagemid pUC 119 derivatives carrying the mutated bfr genes were used to transform strain JRG2157, a Abfr::kan derivative of JM1IO (thi, supE, AproAB-lac/F' traD36, proA+B+, lacPZAM15) [32] , which provides a source free of wild-type BFR for the overproduction of BFR variants. The resultant overproducing strains were grown aerobically for 16 h at 37°C in L broth containing 150 ,tg/ml ampicillin. BFR variants were purified using the method described previously [31] with the following modifications: buffer C [20 [33] with 1 % ferrozine in place of 0.5 % 2,2'-bipyridyl. Protein was measured using the bicinchoninic acid assay [34] , employing BSA as a standard. Haem was determined using the pyridine haemochromogen method of Falk [35] .
Iron removal from BFR and BFR variants Non-haem iron was removed from BFR and variants by reduction with sodium dithionite, as described previously [18] .
Spectroscopic detection of haem and non-haem iron species
Haem iron is readily distinguished from non-haem iron by most spectroscopies, particularly UV-visible spectrophotometry and EPR. The distinction between different forms of non-haem iron species is less straightforward. Monomeric high-spin iron (II) is an even-spin system that is undetectable by conventional EPR and does not have a strong colour, so it is generally not detectable by visible spectrophotometry. We have used NO as an EPR spin probe to form iron (II)-NO adducts in BFR that are EPR detectable [36] . Monomeric high-spin iron (III) is both EPR detectable and has a colour, so it is detectable by visible spectrophotometry. The EPR characteristics of iron (III), dinuclear iron (III) and mixed valence iron (II)-iron (III) species are different, leading to simple differentiation between them. However, all species containing iron (III) ligated by oxygen atoms possess broad absorbance in the near-UV-visible region, so measurement of the rate of increase at a wavelength in this region only follows the rate of iron (II) oxidation and does not distinguish between products.
Kinetic measurements of changes in absorption after the addition of iron (II) (freshly prepared prior to each experiment by dissolving weighed amounts of ferrous ammonium sulphate in de-oxygenated AnalaR-grade water) or zinc (II) ions to wild-type apo-BFR and apo-BFR variants were made using either a conventional UV-visible spectrophotometer (Aminco DW2000, Hitachi U4001 or Hitachi U3200), for which additions to the sample were made using a micro-syringe (Hamilton) or by using a stopped-flow apparatus (Applied Photophysics DX17MV) with the BFR solution in one syringe and the metal-ion solution in another. Changes in the haem absorbance were monitored in the 405-425 nm region of the spectrum [21] previous studies [21] effect could arise either from a direct electrostatic interaction of positively charged metal ions with the haem system or from a protein conformational change detected at the haem consequent upon the binding of iron (II) ions. The three dinuclear-iron site variants exhibited significant changes in the rate and amplitude of their phase 1 haem perturbations whereas the 3-fold channel variant did not, indicating that iron (II) binds at the proposed dinuclear-iron site. In each of the dinuclear-iron site variants, the rate (at least at 30°C) is increased and the amplitude is reduced.
Variant E51 -+ A BFR gave rise to a perturbation opposite in sign to that of wild-type BFR. That this variant should give rise to the most significant difference in the perturbation was not unexpected, since E51 is next to the haem-ligating M52 residue in the BFR polypeptide. Phases 2 and 3 of iron uptake by wild-type apo-BFR and its variants were investigated by the addition of ferrous ammonium sulphate to aerobic solutions of the proteins, and the subsequent measurement of absorption at 340 nm as a function of time. Figure 3 (a) shows a comparison of absorption increases at 340 nm observed after the addition of 400 iron (II) ions per protein molecule to wild-type apo-BFR and its three dinucleariron site variants. Phase 2, which is complete in the wild-type protein (under these experimental conditions) within about 10 s of the addition of ferrous ions, is shown more clearly in Figure   3 (b). In E18 -+A, E51 -+A and E94 -. A apo-BFRs, phase 2 is much less well resolved from phase 3 than in wild-type BFR, and both phases occur over a much increased time course. Clearly, oxidation proceeds at a greatly reduced rate in each of the dinuclear-iron site variants. A similar comparison of absorption at 340 nm after the addition of 400 iron (II) ions per protein molecule between wild-type apo-BFR and the 3-fold channel variant Dll8 -+ A apo-BFR is shown in Figure 4 . The inset shows the initial 20 s of the reaction. Phases 2 and 3 in DI18 -A BFR proceed at a slightly reduced rate compared with wild-type BFR.
From these data it is evident that the presence of the dinucleariron site residues E18, E51 and E94 is essential for iron (II) oxidation to occur at the rate observed in the wild-type protein, whereas for the 3-fold channel residue D'18 this is not so. Thus it can be concluded that the site proposed to form a dinucleariron centre in the BFR subunit has key importance for the ferroxidase activity of the protein and can thus be identified as the ferroxidase centre. The 3-fold channel residue DI"8 has no major role in the mechanism of oxidation. The overall changes in absorbance at 340 nm for wild-type BFR and its variants are approximately equal, indicating that iron (II) oxidation reaches completion in all of the samples. This is perhaps unsurprising, because it is known that even in ferritins that lack a ferroxidase centre, for example L-chain homopolymer [25] , iron (II) oxidation is still observed and an iron core formed. The rate at which oxidation proceeds in such proteins, however, is significantly less than in those containing ferroxidase centres. This indicates that iron (II) oxidation in ferritins can occur by different mechanisms [38] . Thus mutation of the ferroxidase centre of BFR slows the most rapid oxidation pathway, but other oxidation pathways are clearly unaffected, and consequently oxidation is still observed.
We note that oxidation of iron (II) by 02 in aqueous solution in the absence of protein proceeds at a rate dependent upon pH, being faster at higher pH. Provided that iron (II) and 02 can reach the BFR cavity then oxidation and precipitation will proceed. Furthermore, if the inner surface of the protein provides sites of iron (III) binding that facilitate nucleation for iron precipitation, then the core formation will be further speeded up compared with the same process in the absence of protein. The importance of the present work is the demonstration that there is rapid formation of a dinuclear iron (II) centre at the site identified crystallographically, that these iron (II) ions are rapidly oxidized by 02, and further that this process is crucial to obtain core formation at the same rate as in the wild-type protein. A summary of data presented here is given in Table 2 .
The Inhibition of iron (11) oxidation at the ferroxidase centre by zinc (11) Ions It might be anticipated that a non-redox active but tightly binding bivalent metal ion, such as zinc (II), would also be rapidly taken up by the ferroxidase centre in competition with iron (II), thus preventing the subsequent steps of oxidation. Therefore, the effect of zinc (II) ions on the ability of wild-type apo-BFR to catalyse the oxidation of iron (II) to iron (III) was investigated. The addition of 48 zinc (II) ions per apo-BFR molecule followed by 400 iron (II) ions per molecule resulted in the 340 nm absorption trace shown in Figure 5 . Equivalent measurements in both the absence of zinc (II) and the absence of zinc (II) and BFR are also presented. The presence of zinc (II) resulted in a considerable reduction in the overall rate of iron (II) oxidation, phase 2 of iron uptake not being observed. Stoppedflow measurements of changes of absorption in the Soret region (405-425 nm) indicated that the addition of 50 zinc (II) ions per BFR molecule causes a perturbation of the haem Soret band. The measurement at 425 nm is presented in Figure 6 . The amplitude of the absorption change resulting from the addition of zinc (II) ions to apo-BFR was similar to that observed for the addition of iron (II) ions under the same conditions, but the rate of the perturbation was found to be about an order of magnitude greater. For 100 zinc (II) ions per apo-BFR, the rate was found to be -230 s-5 at 20°C compared with -28 s-' for 100 iron (II) ions per apo-BFR at 20 'C. In addition to the very rapid decrease of absorption at 425 nm, complete within 50 ms under these experimental conditions, the trace contains a second, slower component associated with a much smaller amplitude. The origin of the second component is not known, but investigation of its wavelength dependence (results not shown) revealed that it is observed at low amplitudes over a wide range of wavelengths, and is not thought to be associated with the haem perturbation phase of metal ion uptake.
Consistent with the finding of a significantly faster haem perturbation phase after the addition of zinc (II) ions to apo-BFR [compared with iron (II)] was the observation that after the addition of 100 ions per molecule of wild-type apo-BFR of both zinc (II) and iron (II) (in a 1:1 mixture), ferroxidase activity was not detected (results not shown). This indicates that zinc (II) ions bind the ferroxidase centre in preference to iron (II).
The present work demonstrates that zinc (II) is able to bind at the ferroxidase centre with a higher affinity than iron (II). The affinity difference is not a surprise, since the Irving Williams series indicates that zinc (II) generally has tighter binding properties than does high-spin iron (II). Zinc (II) binding appears to abolish phase 2 oxidation and severely slows the rate of phase 3 oxidation. A summary of experimental data is presented in Table 2 .
Mechanism of iron uptake by BFR The present work establishes clearly that the dinuclear-metal site first proposed by us and latterly identified by X-ray crystallography is the site that can bind a pair of iron (II) ions and catalyse reduction of dioxygen. This process is required for the rapid formation of an iron core in apo-BFR. Together with previous kinetic and spectroscopic studies, it is apparent that apo-BFR rapidly binds two iron (II) ions per ferroxidase centre, and in the presence of oxygen, this is followed by the oxidation of both iron (II) ions to iron (III) ions. Zinc (II) ions are potent inhibitors of iron (II) uptake into this centre, and hence of ferroxidase centre oxidation. The mechanism of inhibition appears to be through a higher affinity of zinc (II) ions for the ferroxidase centre as is also observed in both native H/L heteropolymers and H-chain ferritins at relatively low zinc (11)/ferritin ratios [18, 39, 40] . Under these conditions zinc (II) is a competitive inhibitor of iron (II) binding, although at higher zinc (II)/ferritin ratios other sites in the protein may become occupied [41] . Inhibition of iron (II) uptake also leads to inhibition of core formation in BFR.
The mechanism of iron loading after oxidation of the two irons is still unclear, and the present work does not seek to address this question. However [21] . (3) Alterations of the ferroxidase centre by site-directed mutagenesis affect the rates of all three phases of iron uptake (this work). (4) EPR spectra recorded 2 min after oxidation of the ferroxidase centre show the presence of mononuclear high-spin iron (III) in appreciable amounts, even after the addition of between 24 and 48 iron (II) ions [21] .
One possible interpretation of these observations is that the dinuclear-iron species forms at the ferroxidase centre when iron (II) and 0°are added to the apo-protein and, once formed, does not exchange any iron with the core or the surroundings.
However, the EPR signals cannot arise from a ,u-oxo bridged pair of iron (III) ions and are unlikely to arise from a pair of iron (III) ions situated -4 A apart, especially if a carboxylate bridge is present between them. Hence the EPR experiments suggest that the dinuclear-iron species at the ferroxidase centre breaks up and loses iron (III) to a further site within the protein and becomes EPR detectable.
In our previous report [21] we suggested that the site of iron (II) oxidation in BFR may switch from the ferroxidase centre to the surface of the growing core crystallite, as is thought to occur in core formation by mammalian ferritins [15, 38] . In such a mechanism, the role of the ferroxidase centre would be to initiate core nucleation. The effect of the ferroxidase centre mutagenesis on phase 3 oxidation is clearly seen from Figures 3(a) and 3(b The crystal structure of E. coli BFR showed the presence of two electron-dense peaks from a dinuclear metal site within each ahelical bundle [9] . The ligands to the pair of metal ions were EB8, E51, H54, E94, E127 and H"30 (see Figure 7a ), though the chemical nature and redox states of the two metal ions were not identified. The model of the dinuclear metal centre is very similar to that originally proposed on the basis of molecular modelling studies [8] .
The amino acid sequences and secondary structures of BFR and two other structurally characterized proteins that contain a catalytically active dinuclear-iron centre, namely ribonucleotide reductase (RNR) and methane mono-oxygenase (MMO), each share common features associated with the dinuclear site [8, 42, 43] . All contain a four-a-helical bundle with similar dinuclear-iron centre connectivities, as shown in Figure 8 . The location on the a-helices of the dinuclear metal ligands and the relative spacings between them are remarkably similar for all three proteins. In the terminology proposed by Fox et al. [44] , RNR and MMO are class II di-iron-oxo proteins, and BFR is also a class II di-iron protein. dinuclear site is devoid of metal ions [45] , one containing a pair of bivalent manganese ions [46] and one with two ferric ions [42] . The three structures show that the exact positions of the functional groups that are actual or potential metal ligands depend upon the presence or absence of metal ions, and upon the oxidation states or charges of the metal ions, although there are no major structural differences in the protein. The apo-protein, with a cluster of four carboxylate residues, probably contains four protons at the metal binding site. The structure of the site containing two manganese (II) ions has two carboxylate bridges (EB"5 and E238) and no #u-oxo or ,u-hydroxo bridge, yielding a site that is apparently charge neutral. The site containing two iron (III) ions gains one bridging 02-group and loses one bridging carboxylate (E238) so that the metal ion pair is asymmetrical, but again the site is neutral. The ferroxidase centre structure of BFR given by Frolow et al. [9] appears to be identical to that of the Mn(II)2 centre in RNR, and hence is also charge neutral. Since the BFR protein analysed by Frolow et al. [9] was crystallized by addition of manganese (II) ions, it is probable that the dinuclear centre observed by these workers contains a pair of manganese (II) ions. Indeed, we have recently demonstrated, by EPR spectroscopy, the binding of two manganese (II) ions to each BFR subunit (A. M. Keech, N. E. Le Brun, S. C. Andrews, J. R. Guest, G. R. Moore and A. J. Thomson, unpublished work). Furthermore, the comparison with the RNR structural data suggests that the diferric form of the dinuclear site in BFR is likely to be different from the structure given by Frolow et al. [9] (see for example Figure 7b ). One indication that the two iron (III) ions may become inequivalent after oxidation comes from the significantly different rates of core formation observed in the BFR variants E"8 -+ A and E94 -+ A (see Figure 3 ). In the BFR structure reported by Frolow et al. [9] El8 and E94 (ligands of Ml and M2 respectively) are virtually equivalent, being related by an approximate 2-fold axis of symmetry. If these residues remain equivalent after oxidation, it might be expected that replacing each of these residues would produce equivalent reductions in the rate of core formation.
